In this study, a mutant xylanase of high thermostability was obtained by site-directed mutagenesis. The homologous 3D structure of xylanase was successfully modeled and the mutation sites were predicted using bioinformatics software. Two amino acids of XynZF-2 were respectively substituted by cysteines (T205C and A52C) and a disulfide bridge was introduced into the C-terminal of XynZF-2. The mutant gene xynZFTA was cloned into pPIC9K and expressed in P. pastoris. The optimum temperature of the variant XynZFTA was improved from 45∞C to 60∞C, and XynZFTA retained greater than 90.0% activity (XynZF-2 retained only 50.0% activity) after treatment at 50∞C for 5 min. The optimum pH of mutant xylanase was similar to XynZF-2 (pH = 5.0). The pH stability span (5.0~7.0) of the mutant xylanase was increased to 3.0~9.0. Overall, the results implied that the introduction of a disulfide bridge in the C-terminal structure improved the thermostability and pH stability of XynZF-2.
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nected by b-1,4 glycosidic bonds (Walia et al., 2017) . The efficient enzymatic degradation of xylan requires the synergistic action of several key enzymes, such as xylanase (EC 3.2.1.8) and xylosidase (EC 3.2.1.37).
Xylanase (EC 3.2.1.8) are glycoside hydrolases that catalyze the hydrolysis of b-1,4-xylosidic linkages of xylan backbone. Xylanases can be widely used for various applications, such as pulp bleaching (Kumar et al., 2017; Uday et al., 2017) , the preparation processing of beverages (Kumar et al., 2014; Wang et al., 2014) , feed additives, and can bring huge economic and social benefits (Bu et al., 2018; Kumar et al., 2018; Qian et al., 2015) .
However, for practical industrial applications, xylanases need to have enhanced thermostability (Shah et al., 2017) , therefore molecular modification techniques have been used to improve the thermal stability of xylanase (Kumar et al., 2016) , and three examples are shown as follows. Aromatic residues were introduced into the N-terminus of the enzyme by Bai et al. (2014) and the mutant optimum temperature was increased by 5∞C. A double mutant, S80T-S149T, was constructed and expressed in Escherichia coli by Zouari et al. (2015) , and the thermostability of Trichoderma reesei xylanase was improved (Zouari) . Six mutants of G. thermodenitrificans C5 were constructed through site-directed mutagenesis by Irfan et al. (2018) , and the half-life of xlanases was increased 13 times at 60∞C.
It has been confirmed that the thermostability of xylanase is associated with hydrophobic (Liang et al., 2018; Ni et al., 2018; Shukla et al., 2017; Wang et al., 2018) , hydrophilic interaction, surface charge (Deller et al., 2018; Scsuková et al., 2000; Vidya et al., 2014) , hydrogen bonds, ionic bridges, and disulfide bridges (Chang et al., 2017; Kumar et al., 2000) . The introduction of disulfide bridges in the N-terminal have shown to be an appropriate method to improve the thermostability of Effect of introducing disulfide bridges in C-terminal structure on the thermostability of xylanase XynZF-2 from Aspergillus niger (Received September 4, 2018; Accepted November 12, 2018 
Introduction
Xylan is an important component of hemicellulose (Ramanjaneyulu et al., 2017) , which is composed of galactomannan, xylose, konjac glucomannan, and arabia galactomannan and it is rich in natural cell wall polysaccharides (Zeng et al., 2016) . Its skeleton is composed of a plurality of D-xylose residues which are con-xylanase (Nakamura et al., 2018; Zhou et al., 2016) , while few experiments involved in the addition of disulfide bridges in the C-terminal have been previously reported. In order to investigate the effect of the introduction of disulfide bridge in the C-terminal on xylanase thermostability, a disulfide bridge was introduced in the C-terminal domains (T205C and A52C) by site-directed mutagenesis, and, subsequently the mutant gene named xynZFTA was transformed into Pichia pastoris GS115. An enzymatic characterization of this enzyme was performed, and the effects of temperature and pH on enzyme activity were investigated.
Materials and Methods

Strains and plasmids. Expression vector pPIC9K and
Pichia pastoris strain GS115 were purchased from the Invitrogen company (USA). The recombinant plasmid pET-28a-xynZF-2 was constructed and preserved in our laboratory.
Reagents. Ampicillin (Amp), a DNA Plasmid Extraction Kit, and a DNA fragment Recovery Kit were purchased from the Sangon company (Shanghai, China); and a restriction endonuclease, a DL1000 DNA marker, a 1 kb DNA marker, and a T4 DNA ligase were purchased from TaKaRa (Dalian, China).
Medium.
A YPD medium was used for the culture P. pastoris GS115, and a MD medium was used for screening the positive recombinant GS115. In order to obtain high density mycelium, a BMGY medium was used for the culture the recombinant GS115 before expression, and BMMY medium was used during target protein expression. A detailed formulation was prepared according to the Pichia expression manuals (Invitrogen).
Homologous sequence alignment and homology modeling. Phyre2 was used to simulate the homology of the three-dimensional structure of XynZF and XynZFTA ( h t t p : / / w w w. s b g . b i o . i c . a c . u k / p h y r e 2 / h t m l / help.cgi?id=help/faq). DiANNA was used to predict disulfide bridges and the mutant sites (Wang, 2015) . The mutation energy was analyzed by Sketch Marvin (http:// www.chemaxon.com/marvin/sketch/index.jsp).
Primers for PCR. The primers were designed based on the characteristics of the mutant amino acids and the characteristics of the polyclonal region of pPIC9K (Table 1) .
Construction of recombinant expression vector.
Using pET-28a-xynZF-2 as the template, overlap extension PCR amplification was performed with primers 205-52F, A52C-R, A52C-F and 205-52R under the following conditions: a denaturation at 94∞C for 2 min; 35 cycles at 94∞C for 30 s, 52∞C for 30 s, 72∞C for 1 min; and an elongation at 72∞C for 10 min. The mutant gene xynZFTA was confirmed by DNA sequencing before being inserted into the EcoRI/ NotI site pPIC9K vector. Finally the clones containing the recombinant plasmid were screened out, and the recombinant plasmid pPIC9K-ZFTA was constructed. Detailed manipulation was essentially as described by Sambrook (2012) .
Transformation of the expression vector into P. pastoris GS115. The inducible expression plasmid (pPIC9K-ZFTA) was linearized with SalI and transformed into P. pastoris GS115 by electroporation according to the Pichia expression manuals. The parent pPIC9K without insert, linearized with SalI, was also transformed as a control. The transformants harboring the AOX1 factor promotercontrolled xylanase expression cassette were selected on the MD plates.
Expression of recombinant xylanase. Single colonies of the transformants were initially inoculated into a flask containing 25 ml of BMGY medium. After 24 h at 30∞C and 220 r/min, the cultures were centrifuged at 3000 r/ min for 5 min and resuspended by 30 ml of BMMY medium to induce expression. The cells were allowed to grow for 72 h at 30∞C, and methanol was added every 24 h to a final concentration of 1.0% (v/v) for inducing the expression of the target protein. Culture aliquots were collected and cells were removed by centrifugation at 5000 r/min for 3 min. The supernatant fluids were assayed for the xylanase activity.
SDS-PAGE protein electrophoresis detection. The
XynZFTA secrected from GS115-pPIC9K-ZFTA was detected by SDS-PAGE with a 5% concentration glue and a 10% separating gel, and the method was taken from the literature (Wang, 2015) .
Purification of expressed xylanase. The liquid cultures were precipitated with (NH 4 ) 2 SO 4 (60% saturation), and left overnight. The resulting precipitate was harvested by centrifugation at 10,000 r/min for 10 min. The precipitated proteins were then resuspended in Na 2 HPO 4 -citric acid buffer (pH 6.0). The fractions containing xylanase were applied onto a Sephadex G-75 column (Amersham Pharmacia Biotech, Uppsala, Sweden; ø1.6 ¥ 80 cm) and eluted with the same buffer. The fractions containing the enzyme were concentrated in a dialysis bag surrounded by a thick layer of dry polyethylene glycol (average molecular weight 20,000). The concentrate was dialyzed for Table 1 . The names and sequences of the mutant primers.
The mutant codons are underlined, and the restriction enzyme sites are boxed.
2 d against several changes of distilled water and lyophilized. All purification procedures were carried out at 4∞C unless stated otherwise.
Properties of recombinant xylanase. Enzymatic properties of recombinant (XynZF-2) and mutant enzyme (XynZF-ZFTA) were analyzed by a standard procedure using 3,5-dinitrosalicylic acid (DNS), as described by Zhou et al. (2016) . One unit of enzyme activity was defined as the quantity of enzyme required to liberate 1 mol of xylose equivalent per minute at 40∞C, and specific activity was defined as units per mg protein. The results were the means of duplicate determinations of threefold independent measurements.
Results
Homologous alignment and structural assay
Homology modeling of the three-dimensional structures was obtained through Phyre2 (Fig. 1 ). There are a-helix and b-folding structures of the reconbinant protein molecule in Fig. 1 and they show the classic shape of a right hand half-grip which are posessed by a typical structure of the GH11 family. The active centers (Glu103 and Glu194) are indicated in Fig. 1A , and a disulfide bridge is shown in Fig. 1B . Two images of the partial threedemensional structure of original amino acids and the disulfide bridge which was formed via mutation are presented in Figs. 1C and 1D , respectively. The mutation energy of XynZFTA was analyzed through Marvin Sketch, and found to be -0.9814. A protein was judged to be more stable when the mutation energy was below -0.5; therefore, the enzyme introducing two mutant sites with A52C and T205C was predicted to posess more stable properties according to the molecular energy analysis presented above.
Construction of the recombinant expression vector
The gene XynZFTA was amplified and purified by agarose gel electrophoresis. The mutant gene and pPIC9K were digested by EcoRI and NotI and purified by agarose gel electrophoresis (Fig. 2) . The mutant gene was connected with pPIC9K and the recombinant expression vector was successfully constructed.
Screening of P. pastoris transformants
The expression vector pPIC9K-xynZFTA was transformed into P. pastoris GS115. The colonies that showed resistance to over 4.0 mg mL -1 of G418 were selected for induction. The recombinant P. pastoris GS115 integrated with pPIC9K, named as P. pastoris GSP, was used as a negative control. By determining the enzyme activity, a xylanase yielding strain, named P. pastoris XynZFTA, was finally selected and used for further studies. No xylanase A. Three-dimensional structure of XynZF-2 (Glu103 and Glu194 were the catalytic active centers). B. Three-dimensional structure of XynZFTA. C. Three-dimensional structure of original amino acids. D. Three-dimensional structure of disulfide-bridge. activity was detected in the cultured supernatant of P. pastoris GSP under the same expression conditions.
Expression of recombinant xylanase
The activity of XynZFTA was up to 1169 U/mL, which was essentially consistent with that of XynZF-2 expressed in P. pastoris . Analysis of XynZFTA by SDS-PAGE is shown in Fig. 3 . There is an evident band on the gel. The relative molecular mass was approximately 24.10 kDa which is consistent with XynZF-2 (Wang et al., 2015) .
Analysis and comparison of enzymatic properties
Comparison of optimum temperature and thermostability. The optimum temperature of the mutant XynZFTA, measured at pH 4.6 for 15 min, was 65∞C, which was 20∞C higher than that of the xylanase XynZF-2 (Fig. 4) . To estimate the thermostability, the residual activities of the recombinant xylanases were measured after incubation at different temperatures for 60 min. The residual activities of XynZFTA were more than 80% after 1 h incubation at 50∞C, whereas the activitiies of XynZF-2 almost vanished after the same treatment (Fig. 5) . XynZFTA showed more than 80% activity after 1 h incubation at 50∞C and 55∞C; however, XynZF-2 was almost inactived after incubation at 45∞C and 50∞C for 1 h. These results verified that the introduction of a disulfide bridge at C-terminal domains had a positive effect on the thermotolerance of XynZF-2.
Comparison of the optimum pH and pH stability. The effects of pH on the activity and stability of the recombinant xylanases are presented in Figs. 6. and 7.The pH for higher catalytic activity were both at pH 5.0. It indicated the mutation with A52C and T205C had no impact on the optimum pH. In order to estimate the acidbase tolerance, residual activities of XynZF-2 and XynZFTA was measured after incubation in a different pH buffer at 40∞C for 1 h. The mutant xylanase XynZFTA was relatively stable in the pH range of 3.0 to 9.0 which was broader than that of recombinant XynZF-2.
Effects of metal ions and other compounds. The activity of the purified recombinant enzyme in the presence of dif- had little effect on the activity. In addition, the effects of metal ions and EDTA on XynZFTA were roughly consistent with the effects on XynZF-2 .
Discussion
As an important stable structure in proteins (Zheng et al., 2016) , disulfide bonds serve the function of maintaining protein stability in the form which can keep the bridge formation in the peptide residues as a complex biological reactions (Chen et al., 2017; Kisiela et al., 2018; Li et al., 2017; Nakamura et al., 2018; Xie et al., 2018) . There exists a very stable core region of xylanase, so we can start this work in the C-terminal or the N-terminal which is far away from the core region (Letian et al., 2014) . Studies concerning the improvement of the thermostability of xylanase have been carried out for many years (Chen et al., 2010) , and most modifications are related to the Nteminal region, including the insertion of a homologous sequence of heat resistent protein, or the construction of mutants. However, to the best of our knowledge, improving the thermostability of xylanase by introducing disulfide bridges of the C-terminal region have never been reported. Therefore, the modification in this work was started from the a helix area near the C-terminal, a disulfide bridge was successfully constructed in order to achieve the purpose of improving the xylanase thermal stability.
The introduction of a disulfide bridge may decrease the flexibility of the molecule, and this can explain the huge increase in K m of XynZFTA compared with XynZF-2. According to the data we obtained from the experiment, it is clear that the introduction of disulfide bridges in the Cterminal brings a 15∞C enhancement of the optimal temperature compared with original enzyme, and it was speculated that the conformation of the enzyme was changed, and furthermore that the intramolecular force was enhanced.
Molecular dynamics simulations also proved lower amounts of root and potential energy for the mutant XynZFTA. Based on these results, it implied that the mutation energy might affect the thermostability of the enzyme and Pons et al. (1995) , Jean-Luc, and Ehsan have demonstrated this view by Molecular dynamics simulation. Capability of high temperature tolerance of XynZF-2 has been advanced to a certain extent with the decrease of mutation energy value. Disulfide bridges were formatted inside the molecule, and the "hinge" region was made more compact in thermophiles by the addition of a disulphide bridge which was described by Kumar et al. (2000) . This might be the reason for leading to a larger range for xylanase to showing pH stability.
Redox-inert metal ions have been reported to stabilize negative charges and to activate substrates by virtue of their Lewis acid properties used in enzymes (Claudia et al., 2008) , whereas redox-active metal ions can be used both as Lewis acids and as redox centres. According to that, the acceleration of enzyme activity by the addition of Zn 2+ , Ca 2+ and Fe 2+ could be explained. The activity of the mutant enzyme inhibited by heavy metal ions, such as Pb 2+ and Cu 2+ , might be due to the displacement of metal ions in the active centre of the enzyme.
The thermostability was enhanced via the introduction of disulfide bridges in the C-terminal of XynZF-2. The mutant protein can also maintain a high enzyme activity under acidic conditions. This provides an important theoretical basis for the further study of xylanase. Effects of metal ions and other compounds on mutant xylanase activity.
